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ABSTRACT: The reaction between monomeric bis(1,2,4-tri-t-butybpyehtadienyl)cerium hydride,
Cp’2CeH, and several hydrofluorobenzene derivatives is described. Thdeamdtives that are the
primary products, CpCe(GHs.xFx) where x = 1,2,3,4, are thermally stable enough to be isolated in only
two cases, since all of them decompose at different rates 48eEpand a fluorobenzyne; the latter is
trapped by either solvent when[lg is used or by a Cp’H ring whens[0;, is the solvent. The trapped
products are identified by GCMS analysis after hydrolysis. Tylalarivatives are generated cleanly by
reaction of the metallacycle, Cp’'((M&).CsH.C(Me;)CH,)Ce, with a hydrofluorobenzene and the
resulting arylcerium products, in each case, are identified hy'theind'°F NMR spectra at 20°C. The
stereochemical principle that evolves from these studies ishthdahermodynamic isomer is the one in
which the CeC bond is flanked by two ortho-CF bonds. This orientatiarggested to arise from the
negative charge that is localized on the ipso-carbon atom dug(d®)€,(5-) polarization. The
preferred regioisomer is determined by thermodynamic rather thatidkeffects; this is illustrated by
the quantitative, irreversible solid-state conversion at 25°C over wviths of Cp;Ce(2,3,4,5-GHF,)

to Cp.Ce(2,3,4,6-GHF,), an isomerization that involves a CeC(ipso) for C(ortho)F site exchange.



Introduction

The fluoride for hydrogen exchange reactions that resulted whEg & GHFs were added to
monomeric [1,2,4-(Mg¢C)sCsH,],CeH, abbreviated as GgeH, have been described recehtlyThe
initial products of the reaction of & and Cp;CeH were CpCeGFs, Cp.CeF, and K the
pentafluoroaryl derivative decomposed to the fluoride and tetrafluorobenzineh was trapped by
either GDg (solvent), or the Cp’-ring of a metallocene. Hydrogen was sughéstee formed in two
sequential reactions illustrated in eq. 1a and 1b. Thus, the nekéiEnge reaction was comprised of
individual intermolecular CF and CH activation steps.

Cp2CeH + GFs -> Cp»CeF + GFsH (1a)

Cp'2CeH + GFsH ->  CpCeGFs + Hp (1b)

DFT calculations on the reaction betweegH§),LaH, used as a model for the experimental reaction,
and either @Fs or GsFsH showed that the CH activation barrier, eq. 1b, is substantoallgrithan the
CF activation barrier, eq. 1a, but the elimination gF{from Cp»CeGFs proceeded with a higher
barrier. The experimental studies required that the net CF arat@Htion barriers were comparable
since the products derived from each process were observed, whiatca@sstent with the calculated
potential energy surfaces. The postulate that CH activatioretsaatie lower, higher, or comparable to
CF barriers can be tested by experimental studies of theoredstween CpCeH and judiciously
chosen isomeric hydrofluorobenzenes. The results of these experistadiat are the subject of this

paper.

Results
Strategy

In general, the products formed in the reaction obCgH, 1, and the hydrofluorobenzene derivatives
described below are not isolated as crystalline materialsubecaf their thermal instability, as

mentioned in earlier papets? The changes that occur in the and**F NMR spectra however are
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readily observed and these changes are monitored as a function .of Ewea when the fluoroaryl
derivatives are isolated by crystallization, they do not givefaatory combustion analysis, as is well
known for fluorocarbon compoundsThe compounds do not yield molecular ions in their mass spectra,
but give fragmentation ions, and do not sublime nor melt without decomposition.

The identity of the products is ascertained by comparison ofrthend**F NMR spectral features
obtained by reaction of the metallacycle Cp’'(pCsH.C(Mey)CH,)Ce, 2, Schemes 1-9, and a
hydrofluorobenzene, which only yields the fluoroaryl derivatives resuftorg insertion of a CH bond
into the CeC bond of the metallacycle. When isomeric fluoroaryateres are possible, judicious
choice of the hydrofluorobenzene vyields spectra that match those obtathedreaction of CpCeH.

In this manner, the identity and stereochemistry of the fluoroaritadive is delineated. ThkH and
F NMR spectra listed in Table 1 are acquired in this manner. Hydvalf/she reaction mixture ¢e)
and examination of the hydrolysate By NMR spectroscopy identifies and quantifies the
hydrofluorobenzene or benzenes formed. In general, this protocol shovikethraaictions are clean
when the reaction times are short. The NMR spectra of theurasxtin either ¢Dg or GD;, are
monitored over time, at 20°C or 60°C, until the resonances due €&p’'disappear and those of
Cp’.CeF are the only paramagnetic resonances remaining. The opgadiccts are identified, after
hydrolysis (HO), by GCMS analysis as derived from trapping of the fluorobenzyneitbgr GHg
[A(H)], CeDe [A(D)], or Cp’H (B) when GHe, CsDe, or GD12 is the solvent, respectively, Chart 1.
Once the library ofH and*®*F NMR spectra are acquired, Table 1, the products of the reactiednet
Cp’2CeH and @HxFe.x) (X = 5,4,3,2) are readily identified. The first formed product, dale primary
product, is readily identified, as are the subsequent or secondary prodOciy two fluoroaryl

derivatives are isolated as pure solids and both are characterized by sisiglecray crystallography.



Solution Studies
Reaction of (1) and (2) with Isomeric Tetrafluorobenzenes

(@) 1,2,4,5-CgH,F,4, Scheme 1
Addition of an excess of 1,2,4,5-tetrafluorobenzene to a purple solution gE&kf’l, in GDg at

20°C in an NMR tube results in an immediate color change to orangegamncvolution (k).
Examination of the solution by4 NMR spectroscopy within 20 minutes shows the presence of two new
sets of paramagnetic resonances, each of which appear in a 2ratiarele to the M€-groups, in a
1.5:1 area ratio along with a resonance duet@hd tiny resonances due to &peF,3; resonances due

to Cp.CeH are absent. The identity of one of the two new sets of resm@nestablished by adding

an excess of 1,2,4,5¢8,F, to the metallacycle?, in CsD1, in an NMR tube at 20°C. Th#él NMR
spectrum of this mixture identifies this set of resonanacdseao4, Table 1. Evaporating the contents

of the NMR tube to dryness (in order to remove excess 1,2gH5-}, redissolving the residue in
CsD12 and adding a small quantity Bfresults in appearance of the resonances ifHH¢MR spectrum

due to5 at the expense of those duedtoAddition of more2 increases the resonances dub, tagain at

the expense of those due4o These experiments are sufficient to identifpnd5 as the fluoroaryl
derivatives derived by insertion of the CH bond into the CeC bor) 8theme 1. ThéH NMR
spectrum o# also contains a triplet resonance due to a single prdterv(Hz) that is assigned to the
para-H in4. The'®F NMR spectrum o#t contains two broad resonances assigned to the ortho-F and the
meta-F groups, Table 1. Variable temperature NMR specttamd several other fluoroaryl derivatives
are described later in this article.

The reaction betweehand 1,2,4,5-¢H.F, in GsD1, at 20°C after 20 minutes yields resonances due to
4 and 5 in comparable amounts and,Has when gDg is the solvent. These primary products are
derived from exchange between CeH and CH groups and therefore byctdtian of the
hydrofluorobenzene. The resonances dué¢ &md5 diminish while those due t8 appear over time.
After one day (20°C), the resonances dug @aoe gone and the resonances dueand3 are present in a

ratio of 18:1. After 11 days, the ratio is 1:4 and paramagnetic resemaue tX (see later) begin to
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appear as do several resonances in the diamagnetic régrod (0 2). After 17 days, the resonances
due toX increase in intensity, as do the resonances in the diamagmgba,rat the expense of those
due to4. Heating to 60°C for one day yieldsSHhNMR spectrum that contains paramagnetic resonances
due only to3 andX in a 6:1 ratio (assuming that the cyclopentadienyl rin icontains three CMe
groups). These two sets of resonances account for about 30% of theo@ys-griginally present in
Cp’2CeH and therefore the “diamagnetic resonances" have appreciable intensity.

Repeating the reaction afwith an excess of 1,2,4,5K,F, in CsHg followed by heating to 60°C for
one day, evaporation of the solvent and dissolution of the residugDinsBows resonances in the
NMR spectrum due t8 andX in a 7:1 ratio and resonances in theand'®F NMR spectra due to
A(H)-1, Chart 1* Hydrolysis (HO) and analysis by GCMS shows a single componentwittof 208
due to A(H)-1, Chart 1. When the solvent ishg; the GCMS shows a single component witlz of
214 due to A(D)-1, Chart 1, and tH& NMR spectrum contains resonances due to A(D)-1.

Repeating the reaction betwetand 1,2,4,5-H.F4 in CsD1, at 20°C yieldsH and™*F NMR spectra
that are qualitatively similar to those il or GHs. However, at the end of the reaction the rati8 of
to X is about 2:1; morX is formed when ¢D;, is the solvent. Evaporation ofs[Q;, followed by
hydrolysis and analysis by GCMS showed three major components (altn@pH and GD;,), one
with annvz value of 364 due to B-1 and the other two witlz values of 307 (M - CMg ™ due to the
two other possible isomers of B-1, Chart 1, which arise from the [@elpaddition reaction between
3,4,6-trifluorobenzyne and Cp’H. In this reactiorPg or GsHg is not available to trap the benzyne, and
the Cp’-ring is the trap. A larger amountXfforms when @D;, is the solvent relative 18, suggesting
thatX is a cerium containing species that contains one substituted aydayl ring, but its identity
is a mystery. It is noteworthy tha¢ forms even when £D¢ is the solvent, suggesting that the
substituted cyclopentadienyl ligands can trap the fluorobenzyne even @ybens present in large

excess.

(b) 1,2,3,5'C6H2F4, Scheme 2



The reaction between 1,2,3,5-tetrafluorobenzene angC€H' at 20°C in gD, in an NMR tube is
qualitatively similar to that observed with 1,2,4,5-tetrafluorobenzenew pgamagnetic resonances
appear in théH NMR spectrum due to the cyclopentadienyls®@eroups in an area ratio of 1:1:1. In
addition, resonances due tg &hd3 appear; the ratio of the new resonancethdse of3 is about 4:1.
The same three ME-group resonances appear in tleNMR spectrum when an excess of 1,2,3,5-
CeH2F4 is added to the metallacyckein CsDi1, Scheme 2. Th&H NMR spectrum also contains a
triplet resonance) = 7 Hz, due to a single proton, and tfie NMR spectrum shows four equal area
resonances, two of which are broad and two of which are narrow enougle fwupling pattern to be
visible,viz.,, a doubletJ = 15 Hz) and a doublet of doublets witk 18 and 7 Hz, Table 1. These data
are sufficient to identify the product & Scheme 2, the product resulting from intermolecular CH
activation. The appearance of three chemically inequivaleg€C¥esonances is expected ®with
averaged €symmetry as is observed at 20°C, Table 1; the variable tempefdMR spectra are
described below.

When6 is generated in the reaction ®fwith 1,2,3,5-GHF,, it is stable at 20°C for days irs[@;».
When heated to 60°C for two days, all of the resonances dudisappear and resonances dud &md
X appear in approximately equal amounts as well as a number ofreslb@ances in the diamagnetic
region. Hydrolysis and analysis of the hydrolysate by GCMS shove@nponents (in addition to
Cp'H) two withm/z 364 and four withm/z 307 (M — CMg) * in an approximate ratio of 3:11:1:1:6:7,
respectively, which are attributed to the six isomers resuitorg the [2 + 4] cycloaddition of 3,4,6-
and 3,4,5-trifluorobenzyne with Cp’Hiz, B-1 and B-2, respectively. The retention times and isotopic
patterns for the six components matched those obtained from hydrolysis of thd tezromaposition of

4 and7 (see later).

(c) 1,2,3,4-CgH,F4, Scheme 3

Addition of 1,2,3,4-tetrafluorobenzene to a solution of ,CpH in GD;, in an NMR tube at 20°C

results in an orange solution that contains two new sets of parainadgegC-resonances in a net area
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ratio of 2:1; the resonances of the former display a 1:1:1 pattethefdieC-groups while those of the
latter appear in a 2:1 ratio. The spectrum also contains resonancesSdunel . The new resonances

are identified in the following manner. Addition of 1,2,3,4HgF,4 to a solution of the metallacycin

CsD12 generates 8 NMR spectrum in which the ME-resonances appear in a 2:1 ratio with the same
chemical shifts as those mentioned above. *TR&MR spectrum contains three equal area resonances,
two of which appear as doublets< 18 Hz) and one as a triplel £ 18 Hz), Table 1. This pattern is
consistent with that expected fér Scheme 3, assuming that the resonance for the ortho-F is broadened
into the baseline. The other resonances are identifi¢doge due t@, Scheme 3, since addition of
1,2,4-trifluorobenzene t@ generates 8H NMR spectrum whose chemical shifts are identical to the
1:1:1 pattern of resonances with relative area 2, Scheme 5.

The aryl derivativer results from a net CeH for CH exchange wiilis derived from a net CeH for
CF exchange. Apparently, the major primary product of the reactiGp'e€eH and 1,2,3,4-6H,F, is
not derived from CH activation but from a CF activation process.s ®dhservation contradicts the
postulate that CH activation proceeds with a lower barrier thaac@¥ation, a postulate derived from
DFT calculations on the reaction of £LpH and GHFs. This apparent contradiction caused us to
examine more carefully the NMR spectra obtained in the reastibmnd GHFs, reported earliet. Re-
examination shows that CeGFs is indeed the major product as described, but small but not
insignificant resonances due4pScheme 1, are also observed in'tHeand**F NMR spectra at short
reaction times. Thus, our postulate that net CH activation alpaseeds with a lower activation
barrier than CF activation does is inconsistent with the expetahebservations and needs to be
modified.

Over time, the resonances duer/tand8 disappear, at different rates, and those du® ¥q and the
resonances in the diamagnetic region increase in intensityingl@at60°C for one day results in only
those resonances due 3pX, and the “diamagnetic ones.” Hydrolysis of the thermal decompositi
products of7, prepared fronR2, and analysis of the organic products by GCMS show three primary

components along with Cp'H, one with m/z of 364 and two with m/z of 307NMsC in a 4:1:6 ratio,
9



respectively, due to isomers of B-2, Chart 1; several isomealedtructure represented by B can form
depending upon which Cp’-ring carbon atoms participate in the [4+2] cycloaddition reaction.

When the thermal decomposition Gfprepared fron2, is monitored closely at 20°C, resonances due
to 6 appear in small amount, then disappear over the course of a dagsasof3 appear. This

surprising observation is described later in more detail.

Reaction of (1) and (2) with Isomeric Trifluorobenzenes

(@) 1,3,5-C¢HzF3, Scheme 4

Addition of 1,3,5-trifluorobenzene to GgEeH in GDi» at 20°C and monitoring byH NMR
spectroscopy results in the appearance of two neyCNesonances in a 2:1 ratio and a douhlet 9
Hz) due to two hydrogens. These are the resonances expected derigative9, Scheme 4. Reaction
of 1,3,5-GHsF; with metallacycle? generates only resonances du® to the’H NMR spectrum. The
% NMR spectrum consists of two resonances in a 2:1 ratio; the former is very titathe latter is a
triplet (J = 10 Hz), Table 1. Over time, the resonances d®at@ replaced by those due3aXx, and

diamagnetic ones.

(b) 1,2,4-C¢HsF3, Scheme 5

Addition of 1,2,4-trifluorobenzene to &lM0;, solution of Cp;CeH in an NMR tube at 20°C vyields a
new set of MgC-resonances in thél NMR spectrum in a relative ratio of 1:1:1 and two resonances due
to one hydrogen each that are a doublet and an apparent &ipl8tHz in each case. Three possible
isomers can result from CeH for CH exchange, but'th&IMR spectrum is consistent with the one
illustrated as8 in Scheme 5. The structural assignment is supported by gene8afiogn the
metallacycle2, and 1,2,4-gHsF; and observing théH and'®F NMR spectra, Table 1. The compound

8 has G symmetry, assuming that the Cp’ rings are free to rotatetteerefore the CMegroups on a
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given cyclopentadienyl ring are chemically inequivalent, and will appe a 1:1:1 pattern, as observed.
Heating8 to 60°C for 12 hours results in disappearance of the resonances 8lamddformation of
those due t@, X, and diamagnetic resonances. Hydrolysis and analysis of the lsadeolyy GCMS
shows five components in the mixture in an approximate ratio of 3:3:88Rr20f which exhibit m/z of

346 and one with m/z of 289 (M — ChJ&due to the isomers B-3 and B-4.

(c) 1,2,3-CgHsF3, Scheme 6

In contrast to the reaction of the two isomers qH4Fs; just described, which give single
regioisomers8 and9, 1,2,3-trifluorobenzene gives two aryl derivatives. Examination osdhgion
formed upon addition of 1,2,3-trifluorobenzene to OgH in GD1, in an NMR tube at 20°C b{H
NMR spectroscopy shows a pair of overlappingsGteesonances in a 2:1 area ratio, along with
resonances due th 3, and H. After three hours, the minor set of Meresonances disappears and
those due to the major product consist og®leesonances in a 2:1 area ratio, a triplet 8 Hz) and a
doublet § = 8 Hz) due to one and two hydrogens each, respectively, Table FthMR spectrum
consists of a broad single resonance. Fh&IMR spectrum of the major product is identical to that of
12, derived by addition of 1,3-difluorobenzene to the metallacgctecheme 8, see below. Thus, the
major product is derived from CF activation. The minor isomédrdsdH activation produdO, which
is prepared cleanly from the metallacy2leéScheme 6. As in the reaction of 1,2,3,4-tetrafluorobenzene,
the primary product is that derived by CeH for CF exchange. Afterday at 20°C the ratio 8fto 10
is 4:1 and after an additional day at 60°C, only resonances @, &t@nd diamagnetic resonances are
present in théH NMR spectrum. Thus, the major product formed in this reaction igetdiefrom CeH

for CF exchange, as in the reaction betwkand 1,2,3,4-tetrafluorobenzene.

Reaction of (1) and (2) with Isomeric Difluorobenzenes and Fluorobenzene

(@) 1,4-C¢H4F,, Scheme 7
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Addition of 1,4-difluorobenzene to Gi£eH or the metallacyc2 generates identicaH NMR spectra
which, along with their'®F NMR spectra, are listed in Table 1. The spectra are in agdgtidhose
expected forll, Scheme 7. With time, the resonances disappear and are repldhedebgiue t@, X,

and diamagnetic ones.
(b) 1,3-CgH4F,, Scheme 8

This fluorobenzene derivative reacts with either,CpH or the metallacycl2 to give identical'H
and™F NMR spectra, Table 1, which are consistent with an aryl derivatitvestructurel2, Scheme 8.

With time, resonances due 1@ disappear and those due3oX, and diamagnetic resonances appeatr.
(c) 1,2-C¢H4F5, Scheme 9

Addition of 1,2-difluorobenzene to Gi&€eH at 20°C in gD, yields a red purple solution, which
turns orange over 30 minutes. After five minutes,'"th& MR spectrum contains ME&-resonances in a
2:1 area ratio and three resonances due to one hydrogen each &singtet, a doubletl= 8 Hz), and
a triplet § = 8 Hz), Table 1. These resonances are consistent with thosdeexfrd 3 Scheme 9.
After 30 minutes at 20°C, the ratio @f 3 and13 is 2:4.5:1, and after one day at 20°C, the only
paramagnetic resonances visible are those d@eatwl diamagnetic resonances which are attributed to
B-5. Unfortunately, the aryl derivatives formed by the reaction ofdifl@orobenzene with the
metallacycle 2, are not stable, and the amountl8fthat forms is not sufficient to obtain a satisfactory

FNMR spectrum.

(d) CeHsF

The reaction of fluorobenzene with GpeH is related to that of the difluorobenzenes since it is slow,
and the lifetime of the fluoroaryl product, relative to decomposit®®B, is insufficient to acquire

satisfactory'H or *F NMR spectra. A small amount 8fis generated initially, along with diamagnetic
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resonances of considerable intensity. Hydrolysis and analysis BA\6GA2Ids one component with m/z
of 310, due to B-6 (Chart 1).
In summary, these four fluorobenzenes give cerium fluoroaryl derigategeilting from CeH for CH

exchange.

Solution Studies

NMR Spectroscopy

The solution’H and**F NMR spectra in either éD1, or GDs at 20°C of the metallocenecerium
fluoroaryls generated and/or isolated that are described in tiule are listed in Table 1. The Mg
resonances are readily assigned on the basis of their relegevaatios; their chemical shifts lie in a
narrow range betweeh = -1.5 to -2.2 ppm and = -9 to -10 ppm. The ME-resonances are rather
broad and the resonances due to the cyclopentadienyl ring methyneemneeof broad or not visible.
The ®F NMR spectra are assigned on the basis of their relatiee ratios and spin-spin coupling
patterns. The H-F spin-spin coupling is also observed intHh&MR spectra of those fluoroaryl
derivatives that contain hydrogens. In general, the resonances duedgemydr fluorine atoms in the
ortho sites are either very broad or unobserved, whereas those intth@rnpara sites are always
observed and narrow enough that the multiplicities due to spin-spin coapdinisible. Thé’F NMR
chemical shifts of the meta-F and para-F resonances gerlgratiythe range 06 = -140 to -165 ppm.
The ortho-F resonances are further upfield in the range=0f210 to -285; when the ortho-F sites are
inequivalent, the resonances are separated by about 90 pp® asdid.

The MgC-resonances of the 1,2,4-(MB3CsH, ring on the metallocene derivatives at 20°C appear as
an AX or an AMX-pattern, Table 1. Assuming that the Cp’-rings age fo rotate or oscillate about
their G-axes in the complexes in which the fluorobenzene ring is synualgtrisubstituted, the

metallocene will have averaged,&ymmetry and the M€-resonances will appear in a 2:1 area ratio,
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as found ind, 9, and12. When the fluoroaryl ring is asymmetrically substituted, theaxis and a
vertical plane of symmetry are absent, the molecule has ade@aggymmetry and the ME-group
resonances will appear in a 1:1:1 ratio, a6 amd8.

The NMR spectra are averaged spectra, assuming that thetatdigtsuctures of these metallocene
derivatives are similar to those of @peGFs* and the two structures reported in this article, Figures 1
and 2, which are described in more detail below, in which there ishoneGe ortho-F contact and the
molecules have no symmetry. A physical process that involvegribbrenous breaking and making of
Ce-ortho-F bonds is sufficient to account for the obseM##IMR spectra at 20°C. It is important to
note that this fluxional motion will not result in the two ortho-F stibstts exchanging sites; the
physical process of rotation is required for ortho-F/ortho-F sithange. For example, th& NMR
spectrum 08 at 20°C shows two resonances, which shows that the chemically ineqtiegho-F and
meta-H groups are averaged and, since thgCMeoups appear in a 2:1 area rafdias averaged £
symmetry, and oscillation of the 2,4,6H;F; group about the Ce-C(ipso) axis is a physical process that
accounts for the averaged spectra. However, the observation tNs@@roups in7, 10, 11, and13,
in which the ortho-sites contain a fluorine and a hydrogen substituent, ashfX pattern at 20°C
requires that additional fluxions must be occurring. Rotation about ¢h€(ipso) bond byr/2 to
generate a time averaged a mirror plane is one such physicakgrdis motion can occur with the
Ceortho-F interaction "in place" or with the Certho-F interaction broken. In either case, rotation by
n/2 is sufficient to render the adjacent{@egroups on the cyclopentadienyl ring equivaleri,if0, 11,
and13

The variable temperaturd#d and*°F NMR spectra in €D, of several of the compounds listed in
Table 1 were studied in order to explore the ring dynamics in maad.dé\ limitation is that the
fluoroaryl derivatives decompose at varying rates at temperatlrege 20°C, and only the low
temperature behavior is studied. As the temperature is lowerB@°0, the MgC-resonance of area 2
decoalesces into two equal area resonances 19, 10, and Cp;CeGFs,* consistent with a molecule

of Cs symmetry. The activation barrimsﬁs*gc) for this process are approximately 10 kcal frial each
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case. As the temperature is lowered from -50 to -80°C, atdeasind often all three M@-resonances
grow another resonance, the total intensity of which is about one-tiaitaf the original resonance.
This behavior is clearly seen in the low temperatiteNMR spectra of4 and9. The unequal
population shows that the line-shape is not due to an equal population seeoedecphenomenon, but
is, perhaps, most likely due to the presence of another rotamer im tivhiorientation of the substituted
cyclopentadienyl rings in the metallocene are different but theagee symmetry is still £The'H
NMR spectrum o#t is consistent with this interpretation since the para-H resonance, repilessnus.
T plots in Figures 3 and 4, is a single, sharp resonance down to about -A@tCanother resonance
whose intensity at -80°C is about 10% of the original resonance, appears as shown in Figure 3.
The temperature dependence of 1ffe NMR spectra of several of the compounds listed in Table 1
also show common features. The most shielded and very broad resonatticbuted to the ortho-F
resonance due to its proximity to the paramagnetic center, andesimsance is highly temperature
dependent. When the ortho-F sites are inequivalent, @®iir8, the more shielded resonance has the
strongest dependence on temperature, while the less shielded resmnaneakly dependent on
temperature, as are the resonances due to meta-F and para-€s bBigumrd 6. As the temperature is
lowered each of the fluorine resonances on the meta and pararsiteargadditional resonance. In
each case the total populations are constant and warming getieeateiginal spectra. ThEF NMR
line-shape supports the contention, developed fromHH¥MR spectra, that at least two isomers gf C
symmetry are unequally populated at low temperature and only ¢tetive populations, but not their
identity, are discernible from the line-shape behavior. The preséim@mners that differ in free energy
as a result of the orientation of the substituted-cyclopentadiggg in paramagnetic metallocenes has
been postulated earlier on the basis of variable tempefatiN&IR spectroscopy. The fluxional NMR
spectra from 20 to -50°C are consistent with a model in which thea@pfluorophenyl groups are
dynamic. The minimum fluxional motion of the Cp’-ring is an oscdiatabout the pseudosGxis
creating a time averaged mirror plane rendering the top and batigsnequivalent. The motion of the

fluorophenyl ring is involved in generating another symmetry planeréisalts time averaged Me-
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groups, but this motion is not necessarily free rotation; an osmillabout the Ce-C(ipso) bond is
sufficient. The limitations imposed by the paramagnetic natur¢h@se compounds render the

interpretation of their dynamic behavior qualitative.

Solid State Studies

Molecular Structures of 6 and 7

As mentioned above, the solutidH NMR spectra at 20°C df, 10, 11, and 13 indicate that these
complexes are either fluxional or they have structures thadiffiexent from4, 6, 8, 9, 12, and
Cp'.CeGFs; the solid state structure of the latter complex is availmbtie literature, and the X-ray
crystal structures fa8 and7 are reported below. An ORTEP diagram@as shown in Figure 1 and the
important bond distances and angles are listed in Table 2, alonghasth for7 and Cp>CeGFs. A
partial ORTEP diagram for is shown in Figure 2; thegBF;-ring is disordered over two equivalent
positions but only one of the molecules is illustrated in Figure stélrdata fo6 and7 are shown in
Table 3 and additional details are available as Supporting Information.

Inspection of the ORTEP diagrams and the geometrical paranf@téand7, along with these data
for Cp'2.CeGFs, show that the molecular structures are similar; the Cp’-rargs staggered with
identical averaged Ce-C (Cp’-ring) distances. The planar flugroags lie essentially in a plane
perpendicular to the plane defined by the (ring centroid)-Ce-(ringaigntconstruction. The Ce-
C(ipso) vector lies essentially on the idealized moleculaaxi® even though one of the C(ortho)-F
groups in6 and Cp;CeGFs and the only C(ortho)-F group inhave short CeF contact distances.
Accordingly, the CeF contact bends the entirglxFis.«), X = 0, 1, ring so that it does not lie on the C

axis.

Crystal Structures of 6 and 7
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It is important that the crystal data folare collected within a few days after the crystals sokaied,
since the crystals af change to those @ in the solid state, in a Schlenk tube stored inside the dry-box
at 20-25°C over the time period of approximately 2 months. The singgdéalcused for the X-ray
structure determination of was obtained as shown in Scheme 3 and the crystals were olgined
crystallization from pentane. THél NMR spectrum of several of these crystals dissolvedgDsC
showed only resonances duertand pentane of crystallization. The single crystal thatused for the
structure determination & was obtained as shown in Scheme 2. *Fh& MR spectrum of several of
these crystals dissolved i showed only resonances duetand pentane.

Complexess and7 crystallize in the monoclinic crystal system in space graymRvith Z=4. The
unit cell contains half a molecule of disordered pentane in eactuseud he crystal data, collected at -
115°C for6 and -104°C for7, are shown in Table 3 and the packing diagra® isfshown in Figure 7.
The packing diagram for is identical to that fol6 and it is available as Supporting Information.
Inspection of the packing diagrams shows that the unit cell contamsgderable empty space, some of
which is filled by the molecule of pentane. The closest the indivitoécules approach each other is
3.03A.

The crystal structures dd and 7 are isomorphous and the only difference is that the a- and c-
dimensions of6 are slightly longer, while the b-dimension is slightly shontelative to those o¥,
resulting in the unit cell volume & being about 0.8% larger than that7of The similarity in unit cell
parameters precludes monitoring their change as a function ofrtioreler to determine the rate law
and rate constant for the solid state rearrangement, which meanghe mechanism for the
rearrangement is necessarily qualitative.

The small change in unit cell parameters shows that the mgament of7 to 6 is not driven by a
favorable change in the free energy of the ensemble, but thengeament is driven by a favorable
change iMG of the individual molecules in the ensemble, that is, moleculgésafe lower free energy
than those of. The ensemble, however, plays a critical role since it allbtesrearrange cleanly ®

without formation of detectable amounts of &peF and a benzyne, a pathway that both complexes
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follow in the solution at 20°C, over a much shorter time period. Thisvihenplies that the
rearrangement mechanism in the solid state does not proceed byidorofaCp>CeF and a “free”
benzyne followed by trapping of the benzyne by.,CpF, i.e., a reversible step-wise process. The solid
state environment either prevents benzyne from escaping and enstirg® thanzyne is trapped by
Cp’.CeF, or the “free” benzyne never forms, implying that the mechaafsthe Cp>Ce and F site
exchange between C(35) and C(36) is synchronous. Although the reareabhgeechanism can only
be described qualitatively, the rearrangement proceeds quantitatnalyreversibly in the solid state

and the net reaction is exoergic.

Discussion

The reaction products that form when &}eH is exposed to a series of hydrofluorobenzengtd;.C
«Fx, X =2 — 5, are shown in Schemes 1-9 and summarized in Chart 2. Thwanhigt, or the major
product, that forms when x = 2, 3, 4, or 5, with two exceptions, algfayss a regiochemistry in which
both of the ortho-sites in the fluoroaryl ligand in &pe-GHs.<F are occupied by fluorine atoms,
symbolized as Ce{Cy(F,F). The only exceptions to this generalization are theioeacbetween
Cp’2CeH and 1,4-difluorobenzene or 1,2-difluorobenzene, which can only afford isonweingch one
ortho-site is occupied by a fluorine atowiz, Ce-GCo(F,H). This general substitution pattern
presumably reflects the trend in CeC bond dissociation enthalpies gtvendths) which then lie in the
order Ce-@C(F,F) > Ce-GCo(F,H) > Ce-GCy(H,H). Unfortunately, these experimental bond
dissociation enthalpies are not known, but the solid state rearrangein7etat6 clearly shows that the
inequality isAH Ce-GC,y(F,F) >AH Ce-GC(F,H), since the change in translational entropy is zero, and
therefore AH =~ AG, assuming that the Ce-substituted cyclopentadienyl bond enthalpy imntons
Support for this inequality is derived from experimental and calounkt bond dissociation enthalpies
in CpRe(CO)CsHs<F,.° The experimental values of the Re-@fig,F,) bond dissociation enthalpies

(where known) agree with the calculated ones, which lie in the 8e&ECy(F,F) > Re-Q@Cy(F,H) >
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Re-GCy(H,H). The origin of this order parallels the increase in gletdtic contribution to the net bond
dissociation enthalpy while the orbital contribution remains essigntiahstant. This postulate is
supported by the calculated charge gnflom a natural population analysis (NPA), which shows that
the charge density on; @creases in the order@(F,F) > GCo(F,H) > GCy(H,H). Thus, two fluorine
atoms located in the ortho-sites of a fluoro-substituted aryl grozrpase the negative charge on the
ipso-site more than does one fluorine atom, which in turn is highervthan both of the ortho-sites
contain hydrogen atoms.

This model should be applicable to the Ce-C bond dissociation enthalpigeefarzompounds
mentioned above, since lanthanide-X bond dissociation enthalpies are @ombyatelectrostatic
contributionsj.e., they are dominated by the Coulombic attraction between the twoeshie(g)-X(-).
Extending this model to the compounds described in this article yieddsharge distribution at C(ipso)
and C(ortho) shown in Chart 3. The electronegative fluorine atomndice a larger positive charge
on the carbon atom to which it is bonded than will the less elecabwednydrogen atom, which in turn
induces a larger negative charge on the ipso-carbon atom. Tthy@amic model is in accord with
the product formed in the reaction between,CpH and the hydrofluorobenzenes in Chart 2 and the
solid state rearrangement 6fo 6. Although the translational entropy for the solid state rearrag@gem
of 7 to 6 is zero, the entropy content énis greater than if7, since two Ce(ortho)-F interactions are
available in6 but only one ir7. Thus, the vibrational entropy in the two complexes is not identiedl, a
the rearrangement is favored enthalpically and entropitailithough the thermodynamics of the
rearrangement is clear, the mechanism is not. In the init@drp#he calculated mechanism of the
reactions of CpCeH (modeled by GhaH) with either GFs or GHFs proceed by way of sigma-bond
metathesis transition states in which the barrier for the f0el@H exchange process is about 20 kcal
mol lower than that for CeH for CF exchange, resulting in the gkratian that CF activation
products are not observed when CH bonds are present in the hydrofluoroder&etemsion of this
generalization leads to a conflict with the products formed in ehetion of CpCeH with 1,2,3,4-

tetrafluorobenzene and 1,2,3-trifluorobenzene. In both of these reachiengroducts derived from
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CeH for CF and CH activation are observed; the major product in eathions is derived from CF
activation. If the CH activation step occurs with a lower barrier than fhec@vation step, the products

of the reaction of CpCeH and 1,2,3-trifluorobenzene would be those shown in egs 2a and 2b.

Cp.CeH + 1,2,3-GHsF;  -> Cp3Ce(2,3,4-GHaFs3) + H, (2a)

Cp.CeH + 1,2,3-GHsF5  -> Cp3Ce(3,4,5-GHaF3) + H, (2b)

Although the C-H isomer illustrated in eq. 24), is formed, the major product is the result of CF
activation, Cp;Ce(2,6-GHsF), 12, Schemes 6 and 8. A set of elementary reactions that accotin for
formation of12 are those illustrated in eqs 3a-c. If triis formed by two pathways, 3a and 3c; 3a is
a CeH/CF exchange while 3c is a CeH/CH exchange. Thent#Fhange reaction, 3b, is likely to
occur with a low activation barriérthis process along with the reaction symbolized by 3a vyields
Cp’.CeF. Reaction 3c demands that £Q&H is not depleted in reactions 3a and 3b, which means that

the barrier for the reaction 3c must be comparable with that of 3a.

Cp’ZCeH +1,2,3-GHzsF; > Cp’2Ce(2,6-(5H3F2) + HF (3&)
Cp’.Ce(2,6-GHsF;) + HF -> CpCeF + 1,3-GH4F, + Hy (3b)
Cp'.CeH + 1,3-GHsF,  -> Cp2Ce(2,6-GHaF2) + H, (3c)

A similar contradiction is apparent in the reaction of 1,2,3,4-tatedbenzene in which the major
product is8, Scheme 3, the result of Ce-H/CF exchange. Indeed, the contradilso extends togEs
and GHFs.! The contradiction between the calculational and experimental stddieribed in this
article may be rationalized in the following ways: (a) thieuational methodology does not correctly
deal with the large amount of charge reorganization in the ti@nsitate in the CeH for CF exchange.

(b) the mechanism of reaction may not proceed by way of a sigmanbetathesis mechanism, or (c)
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the bulky substituted cyclopentadienyl ligands influence the barriene rthan expected, since

unsubstituted cyclopentadienyl ligands are used in the calculations.

Conclusions

The stereochemical principle that emerges from the experihrstntiies described in this article is
that when a choice of regioisomers is available, the isomeistbhserved exclusively or in the highest
yield is always the one in which the fluoroaryl group contains fluorinesatoroth of the ortho-sites of
the polyfluorophenyl derivative. This thermodynamic result is postulatdme dictated by the CeC
bond dissociation enthalpy that is controlled by the electronegativeinfu@oms that induce
polarization at the ortho-carbon atoms(32)-F(3-), which in turn induces a negative charge on the
ipso-carbon, Ce-{8-). Thus the strongest Cg-i8 formed when both ortho carbons of the phenyl ring
contain fluorine substituents. The elementary reactions that ce@nrtpesnet reaction are consistent
with the postulate that the activation energy for CH and CF haveparaile values, and the
stereochemistry of the product is determined by the change iarfezgy of the net reaction rather than
the activation energy of the elementary reactions. The thermodyoanirol is dramatically illustrated

by the irreversible solid state rearrangement (25°Q)tof6, a CeC(ipso) for C(ortho)F site exchange.

Experimental details

General: All manipulations were performed under an inert atmosphere usimdpsthSchenk and dry
box techniques. All solvents were dried and distilled from sodium or sotemaophenone ketyl.
Fluoro and hydrofluorobenzenes, obtained from Aldrich Chemical Company, wedeathd vacuum
transferred from calcium hydride; the isomer purity was @ssdy'H and *®F NMR spectroscopy.
NMR spectra were recorded on Bruker AV-300 or AV-400 spectrometePd°&€ in the solvent
specified.’®F NMR chemical shifts are referenced to CGF&tl 0 ppm. J-Young NMR tubes were used
for all NMR tube experiments. Electron impact mass spectrgnatid elemental analyses were
performed by the microanalytical facility at the UniversityGaflifornia, Berkeley. The abbreviation Cp’

is used for the 1,2,4-ttHbutylcyclopentadienyl ligand.
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General procedure for NMR tube reactions of GHe.Fx with Cp',CeH, 1 CpCeH was
dissolved in @Dg or GD12 in an NMR tube and a drop of the desired fluorobenzene was added. The
solution turned from purple to orange and gas bubbles were evolved. The sammealyzed bjH
and*®F NMR spectroscopy. Decomposition over time was observed by NM&asmapy, first at 20-
25°C over 3-7 days and then at 60°C for one day. Products are summafiteiti2 andH and*°F
NMR resonances are listed in Table 1. Samples for GC-MS pvepared by adding a drop ot®|
agitating, and allowing the samples to stand closed for 10 min. Thplesawere then dried over
magnesium sulfate, filtered, and diluted ten fold with pentane. |A. sample was injected into a
HP6890 GC system with a J&W DB-XLB universal non-polar columngclagtd to an HP5973 Mass
Selective Detector. The principle elution peaks consisted of fp&d¢ &hd the cycloaddition product(s)
of the fluorobenzyne(s) and benzene or Cp’H.

General procedure for NMR tube reactions of GHexFx with the metallacycle
Cp’[(Me 5C)»CsH»,C(Me,)CH,]Ce, 2 Cp.CeCHCsHs' was dissolved in §D1» in an NMR tube and
heated at 60°C for one day, which yielded the metallacycle. A drupeafesired fluorobenzene was
added, and the solution turned from purple to orange. Subsequent handling and waalydentical to
that for reactions with CpCeH. The synthetic details for two specific reactions thetgd isolated
compounds are described below.

Cp’'2Ce(2,3,4,5-GHF,), 7: Cp’2CeCHCsHs (0.5 g. 0.7 mmol) was dissolved in pentane (10 mL) and
stirred at room temperature for 48 hours, producing a solution of CpfiM&H.C(Me;)CH,]Ce.
1,2,3,4-Tetrafluorobenzene (0.18 mL, 1.7 mmol) was addedyringe. The purple solution turned
orange over 20 minutes. The solution volume was reduced to 5 mL and thenswulas cooled to -
10°C, vyielding orange crystals. Yield: 0.2 g (0.26 mmol), 37%. The |leld was due to the high
solubility of the compoundH NMR (CgD12) & -1.90 (36H,v1/> = 120 Hz), -9.59 (18Hy1/» = 80 Hz),

F NMR (GsD12) 6 -137.0 (1F, dJ = 18 Hz), -161.8 (1F, dl = 18 Hz), -161.6 (1F, dd,= 18, 18 Hz).

The solid material decomposed rapidly above 135°C, which precluded anayy€$-MS. Full
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crystallographic details are included as Supporting Information: Miomocell Space Group, R&: a
=10.1818(5) A, b =22.164(1) A, c = 17.8504(9)pAs 91.591(1)°, V = 4026.7(3) A
Cp’'2Ce(2,3,4,6-GHF,), 6: Cp'.Ce(2,3,4,5-GHF,) (0.2 g. 0.26 mmol) was allowed to stand at 25°C for
2 months. A sample was dissolved igD& and analyzed byH and**F NMR spectroscopy, which
indicated quantitative conversion to @pé(2,3,4,6-GHF,). Yield: 0.2 g (0.26 mmol), 100%. This
complex was also prepared from the metallacycle and 1,2,3,5uetddenzene in a procedure
analogous to that described abové! NMR (CsD12) 6 0.17 (1H, d,J = 7Hz), -1.44 (18Hy1, = 100
Hz), -2.09 (18Hy1, = 90Hz), -9.58 (18Hy1,, = 70 Hz),"F NMR (GsD12) & -139 (1F, dd,) = 18, 7
Hz), -151 (1F,vi2 = 200 Hz), -166 (1F, d] = 15 Hz), -242 (1Fy12 = 200 Hz). The solid material
decomposed rapidly above 135°C, which precluded analysis by EI-MS. ryatlllographic details are
included as Supporting Information: Monoclinic cell Space Group/nP2 = 10.2210(6) A, b =

22.063(1) A, c = 18.024(1) & = 92.369(1)°, V = 4060.9(4) A
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Figure 1. ORTEP diagram of CpCe(2,3,4,6-GHF,), 6, 50% thermal ellipsoids. The heavy atoms are
refined anisotropically. Hydrogen atoms (not shown) are placeddulatdd positions and not refined.
The fluorine atom F(3) is disordered over two sites, C(37) and C(40jhardisorder was modeled as
F(3) on C(37) 75% and F(5) (not shown) on C(40) 25%. The asymmetric uratnsob# molecule of

pentane, which is not shown.
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Figure 2: Solid state structure of G€£e(2,3,4,5-GHF,), 7, 50% thermal ellipsoids. The 50/50 disorder
of the fluoroaryl ring is simplified to show one orientation; the @pg carbons and Ce atom are
ordered and refined anisotropically, but thgHE, ring carbon and fluorine atoms are refined

isotropically. The solid contains %2 molecule of disordered pentane, which is not shown.
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Figure 3: & vs. 1/T plot of the'H NMR resonances of Cife(2,3,5,6-@HF4), 4, in C;D14, T in deg

Kelvin.
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Figure 4: & vs. 1/T plot of thelH NMR resonances of Cife’(2,4,6-GH.F3), 9, in CD14, T in deg

Kelvin.
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Figure 5: & vs. 1/T plot of thé®F NMR resonances of Gi£e’(2,3,4,6-GHF,), 6, in CD14, T in deg

Kelvin.
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Figure 6: & vs. 1/T plot of the®F NMR resonances of Gie'(2,3,6-GH.F3), 8, in CD14, T in deg

Kelvin.
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Figure 7: Crystal packing diagram for of Gi€e(2,3,4,6-GHF,), 6.
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Scheme 1Reactions of 1,2,4,5-tetrafluorobenzene
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Scheme 2Reactions of 1,2,3,5-tetrafluorobenzene

R F
Ha

H F + Cp',CeH

F H (1) Y\ R F

Cp,C F —> Cp',CeF
R F
/ E H (3)
H F + metallacycle
(6)
F H 2)

31



Scheme 3Reactions of 1,2,3,4-tetrafluorobenzene
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Scheme 4Reactions of 1,3,5-trifluorobenzene
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Scheme 5Reactions of 1,2,4-trifluorobenzene
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Scheme 6Reactions of 1,2,3-trifluorobenzene
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Scheme 7 Reactions of 1,4-difluorobenzene

Cp'2C

H
HQH + metallacycle
2) (11)

H F
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Scheme 9Reactions of 1,2-difluorobenzene
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Chart 1: Cycloaddition products of fluorobenynes withDg or Cp’H
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Chart 2: Fluoroarene reaction products with gipeH

polyfluorobenzene

» Possible products

CF activation

CH activation

Ci Co(FyF) GCO(FlH) GCO(F! F) C’rCo(F: H)
R F R F
F F Cp',C F
F F F F
major
R F R F R F R F
H F Cp'C H | CpC Cp'2C
F F F F H F F F
. not observed major
minor
R F
Cp',C F
F H
not observed
R F R H R F
H H Cp'2C Cp'2C
F F H F F F
not observed .
major
R F R H R F R F
H F Cp',C F | Cp.C Cp',C
F H F H H F F H
not observed major

not observed
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Cp'2C

major

Cp'2C

not observed

Cp',C

major

Cp',C

not observed

Cp',C

major

R F
Cp',C F

H F
minor

R F
Cp'ZCV—QH

H F
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Cp',C

major

R F
Cp'ZCP—QfF
H H

not observed

Cp'2C
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R H
Cp'ZCv—QH

H F
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R H
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H H
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R F R H R F
HAQfH Cp'ﬁv—QH Cp'ZCe—Q—H
H H H H H H

not observed major
Chart 3: Charge distribution in CpCeGHs.xFx
o- S-
R s+ R s+ H
F o H H
o-
a b C
Table 1 *H and*®*F NMR Chemical Shiffs
Compound 'H NMR “F NMR
Cp’-ring CsHs-xFx CeHs-x)Fx
CMe; | CMe; | CMes | o-H m-H p-H o-F m-F p-F
CpyCeH? 1,|-3.44 -3.44 -12.45
CsDs
(45) (45) (45)
Cp2CeF? 3,|-250 |-250 |-6.81
CeDs
(10) (10) (10)
CpyCeGFs,? -1.77 -1.77 -10.3 -210 -161.0 | -157.61
d
(190) | (190) | (55) (482) J=18
J=18
Cp2Ce(2,3,5,64-1.84 |-1.84 |-9.80 |- - 3.70t | -242 -141 -
CsHF,), 4
(130) | (130) | (50) J=7 (410) | (30)
Cp2Ce(2,3,4,64 -1.44 | -2.09 |-9.58 |- 0.17d | - -242 -166d | -139 dd
CeHFy), 6
(100) | (90) (70) J=7 (200) |J=15 |J=18,7
-151

37




(200)

Cp:Ce(2,3,4,5{ -1.90 [-1.90 |-9.59 |not - - not -161.8 | -161.6
CgHFs), 7 obsd. obsd. |d dd
(120) | (120) | (80)
J=18 |J=18
-137.0
d
J=18
CphCe(2,3,6- |-1.46 |[-2.17 [-9.22 |- 3.87d (041t |-241 |-142 |-
CeH2F>), 8
(70) (60) (50) J=8 J=8 (500) | (30)
-150
(250)
Cp:xCe(2,4,6- |-1.73 [-1.73 |-951 |- 1.93d | - -178 | - -115t
CeH2F»), 9
(50) (50) (40) J=9 (250) J=16
Cp:Ce(2,3,4- |-1.83 [-1.83 [-9.69 |not 5.35d | - 285 |-168d |-137 dd
CeHoF3), 10 obsd.
(50) (50) (50) J=8 (250) |J=16 |J=18,6
Cp:xCe(2,5- [-1.93 [-1.93 [-8.79 |not 0.42 | 4.75dd| not -118 | -
CeHsF), 11 obsd. obsd.
(40) (40) (30) (10) |J=8,8 (30)
CpxCe(2,6- |-1.77 |[-1.77 |-9.03 |- 250d [ 453t |[-181 |- -
CeHaF»), 12
(40) (40) (30) J=8 J=8 (200)
CpxCe(2,3- [-1.21 |-1.21 [-9.13 |° o o o o -
CeH3F»), 13
(50) (50) (50)
CpsCe(2- b b b b b b b _ -
CeH4F), 14

2CgD1- unless otherwise stated at 20°8F NMR chemical shifts are quoted relative to GREE 0).
Negative values are due to high field or low frequency of €FCThe line width in Hzyq,, is listed in

parentheses below the chemical shift. The coupling constantstackbelow the chemical shift along
with the multiplicity. The chemical shifts of the 1,2,4-tri-t-dayglopentadienyl ring methynes are not

listed.

P The compound decomposes to £J8F rapidly and the low intensitid and°F resonances cannot
be assigned with confidence.
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Table 2 Comparison of Averaged Bond Length (A) and Angles (deg.)

Cp2CeGFs" Cp’.Ce(2,3,4,6- | Cp’.Ce(2,3,4,5-GHF,),°
CeHFy), 6 7

Ce-C(Cp'-ring), ave. 2.82+0.06 2.82+0.05 2.82+0.06
Ce-(Cp’-ring centroid) 2.54 2.55 2.54
Ce-C(ipso) 2.621(4) 2.623(3) 2.64+0.02
CeF 2.682(2) 2.711(2) 2.863+0.005
(Cp-ring  centroid)-Ce-(Cp’{ 147 145 144
ring centroid)
Ce-C(ipso)-C(orthd) 97.5(3) 98.9(2) 102.6+0.6
Ce-C(ips0)-C(orthd) 149.7(3) 150.5(3) 140.5+0.4
C(ipso)-C(ortho)-F 116.4(3) 115.2(3) 115.5+0.5
Ce~F-C(ortho) 93.6(1) 93.8(2) 92.0+0.7

a) From Ref 1.

b) Averaged values for the two disordered molecules in the asyimmeit, deviations are RMS-

values.

c) The angle involved in the C€ interaction

d) The angle not involved in the CE interaction

Table 3 Crystal Data

Cp’.Ce(2,3,4,6-GHF,), 6

Cp2Ce(2,3,4,5-GHF,), 7

Crystal system monoclinic monoclinic
Space group Rh,Z=4 P2In,Z=4
a (A) 10.2210(6) 10.1818(5)
b (A) 22.0625(13) 22.1638(11)

39




c (A 18.0234(11) 17.8504(9)

B (deg.) 92.369(1) 91.591(1)

V (A3 4060.9(4) 4026.7(3)

T (°C) -115 -104
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